Abstract. The prognosis of gastric cancer patients with peritoneal dissemination is extremely poor, and the development of an effective treatment is necessary. The aim of this study was to investigate the efficacy of oncolytic reovirus against peritoneal metastasis in human gastric cancer using an experimental animal model. Four human gastric cancer cell lines, including MKN45p, NUGC4, MKN7 and KatoIII, a normal NIH3T3 cell line as a control, and reovirus serotype 3, were used in this study. We evaluated the cytopathic effect of reovirus and the Ras activity in each gastric cancer cell line in vitro. To evaluate oncolytic efficacy in vivo, reovirus (1x10 8 PFU) was administered into the peritoneal cavity of nude mice on days 7, 8 and 9 after inoculation with MKN45p cells. Mean volume of ascites and the total number and weight of the peritoneal tumors were measured after sacrifice. After reovirus infection, cytopathic effect was observed in all four gastric cancer cell lines, but not in the control cells. Ras activation assay showed that Ras activity in all four gastric cancer cell lines increased to a higher level than that in the control cells. In the animal model experiments, mean volume of ascites and the total number and weight of the peritoneal tumors in the reovirus treatment group were significantly lower than those in the control group. In conclusions, intraperitoneal administration of reovirus could be useful as a new modality against peritoneal metastasis in gastric cancer.
Introduction
Gastric cancer is one of the most common cancers in Japan, and its incidence is six to eight times greater in many Asian and Eastern European countries than it is in the West (1) . Prognosis in patients with early-stage cancer is favorable after surgical resection. However, the survival rate of patients with advanced gastric cancer remains poor because they experience frequent peritoneal, lymph node and liver metastasis with this disease. Median survival time for patients with peritoneal dissemination after surgery is reported to be ~10 months (2) . Therefore, various new treatments have been developed for gastric cancer with peritoneal dissemination, including systemic chemotherapy, intraperitoneal chemotherapy and/or hyperthermia, and surgery with extended dissection of lymph nodes or other organs (3) (4) (5) (6) (7) . To date, however, the results of these therapies have been unsatisfactory. It is thus necessary to develop an effective modality to treat gastric cancer with peritoneal dissemination.
Human reovirus is a unique oncolytic, non-enveloped virus containing 10 segments of double-stranded RNA as its genome. Reovirus is a common isolate of the respiratory and gastrointestinal tract of humans, but it is not associated with any known human diseases. Reovirus requires an activated Ras signaling pathway via direct Ras mutation or downstream of independent pathways of Ras such as epidermal growth factor receptor, Her-2(Neu/ErbB-2), or SOS in infected cultured cells (8) . Activated Ras or an activated element of the Ras pathway inhibits the actination of double-stranded RNA-activated protein kinase, thus allowing both viral protein synthesis and lytic infection to occur. The oncolytic efficacy of reovirus has been shown in several cancer models in vivo such as those for pancreatic cancers, malignant glioma, colon, ovarian and breast cancers, and lymphoid malignancy (9) (10) (11) (12) (13) (14) .
The aim of this study was to investigate the antitumor effect of intraperitoneal administration of reovirus against peritoneal metastasis from gastric cancer in an experimental animal model. To our knowledge, this is the first study to investigate the use of reovirus as an anticancer agent for gastric cancer.
Materials and methods

Cell lines and virus.
Four human gastric cancer cell lines including MKN45p, NUGC4, MKN7 and KatoIII, and a normal NIH3T3 cell line as control were provided from the RIKEN cell bank (Ibaragi, Japan) and were used in this study. These four cancer cell lines were cultured in RPMI-1640 medium containing 10% FBS and antibiotics. The NIH3T3 cell line was cultured in DMEM containing 10% FBS and antibiotics. Reovirus serotype 3 was kindly provided by Dr K. Hirasawa (University of Calgary, Calgary, Canada).
Reovirus serotype 3 Dearing (ReoT3D) was purified according to the protocol of Smith et al with the exception that 2-mercaptoethanol was omitted from the extraction buffer (15) . For reovirus collection, L929 cells grown in 175-cm 2 flasks were infected with reovirus at a MOI of 1. After 48 h of incubation, cells and supernatants were frozen and thawed three times. Viral titer was determined by plaque assays using L929 cells, and the virus was purified and stored at -80˚C as described previously (16) .
Cytotoxicity in cell lines. We evaluated the effect of reovirus on gastric cancer cell lives in vitro. For evaluation of susceptibility to reovirus in vitro, each cell line was plated onto 12-well dishes at 1x10 5 cells/well and was infected with reovirus at a MOI 10 and maintained in RPMI-1640 with 10% FBS at 37˚C. On days 1, 3, 5 and 7 after reovirus infection, we observed a cytopathic effect (CPE) and counted the number of viable cells with a hemocytometer using the trypan blue exclusion method.
Measuring Ras activity. Ras activity in gastric cancer cells was examined with a Ras activation ELISA assay kit (Upstate Biotechnology, Charlottesville, VA, USA). Briefly, this kit is designed to detect the presence of activated Ras and can be used to study novel Ras activating pathways. The Ras binding domain (RBD) of Raf-1 kinase is a downstream target of activated Ras-GTP. Raf-1-RBD serves to capture any available active Ras-GTP within samples that are added to the wells. Ras proteins captured by the Raf-1-RBD are detected and measured quantitatively through the addition of a mouse monoclonal anti-Ras antibody that detects the Ras isoforms N, H, K from mouse species. An HRP-conjugated secondary antibody against mouse is then added. Following addition of the chemiluminescent substrate, signals can be measured using a luminometer or with a CCD camera.
Intraperitoneal tumor xenograft model in nude mice. Sixweek-old male athymic BALB/c nude mice, purchased from Kyushu Animal Co., (Kumamoto, Japan) were kept under pathogen-free conditions according to the Animal Center guidelines for our facilities. MKN45p cells (5x10 6 ) suspended in 400 μl of PBS were injected into the peritoneal cavity of the anesthetized mice. The mice were randomly divided into two groups, the control and treatment group (10 mice/group). Reovirus (1x10 8 PFU) in 400 μl of PBS was administered into the peritoneal cavity of the nude mice under general anesthesia on days 7, 8 and 9 after inoculation with MKN45p cells. An equivalent amount of PBS without reovirus was administered in the control group. The condition of each mouse was checked twice daily during this study. All animals were sacrificed on day 18 after inoculation with the MKN45p cells. Following this, we counted the numbers of the metastatic nodules in the peritoneal cavity and measured the volume of ascites in the peritoneal cavity of the mice. The metastatic nodules found in the peritoneal cavity were fixed in 10% neutral-buffered formaldehyde, embedded in paraffin, and sectioned. The specimens were then stained with H&E stain.
Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis for detection of reovirus.
To evaluate the presence of genomic dsRNA of the reovirus in vitro and in vivo, reverse transcription and polymerase chain reactions were performed in an iCycler Thermal Cycler (Bio-Rad Laboratories, USA). Reverse transcription and the PCR reaction were carried out with specific forward and reverse primers. A segment of the reovirus subgenomic sequence from the L1 gene that partially encodes the minor core protein lambda 3 was amplified.
The primers for the primary L1 gene RT-PCR assay L1.rv5 (forward: 5'-GCATCCATTGTAAATGACGAGT CTG-3') and L1.rv6 (reverse: 5'-CTTGAGATTAGCTCTA GCATCTTCTG-3'), which form a 416-bp RT-PCR product, were targeted. An aliquot of 3 μl of dsRNA was heated to 97˚C for 5 min and was then immediately placed on ice for denaturation. Following the manufacturer's recommendations, one-step RT-PCR reactions (total of 50 μl) were performed with the Access Quick RT-PCR system (Promega Corporation, Madison, WI, USA), and each contained 25 μl MasterMix, 1 μl reverse transcriptase enzyme (AMV), 0.2 μM of each specific primer, and 2 μl of dsRNA and RNase-free water up to 50 μl.
The RT-PCR reactions were initially reverse transcribed at 45˚C for 45 min, denatured at 94˚C for 1 min, and then cycled 35 times under the following conditions: 94˚C for 20 sec, 50˚C for 30 sec, and 72˚C for 30 sec, and with one final terminal annealing step of 7˚C for 3.5 min. Electrophoresis of each PCR product was performed in 2% agarose gel, and following ethidium bromide staining, the results were viewed under the GelDoc XR image-analysis system (BioRad Laboratories, USA).
Statistical analysis.
All values are expressed as the mean ± SD. Statistical differences among groups were assessed with Student's t-test. P<0.05 was considered to be significant.
Results
In vitro cytopathic efficacy. To evaluate susceptibility to the reovirus, the four gastric cancer cell lines were infected at a MOI of 10 viral particles/cell. All four gastric cancer cell lines were efficiently destroyed by reovirus within 1 week. A CPE appeared from day 1 after infection, and 50% or greater cytotoxicity was shown at day 7 after infection, as shown in Fig. 1A . In contrast, the NIH3T3 control cells were resistant to reovirus infection. In addition, severe morphological changes were also seen in all four cancer cell lines infected (Fig. 1B) .
Detection of Ras activities in gastric cancer cell lines.
The amount of Ras-GTP was measured with the Ras activation ELISA kit. Ras activation assay showed that Ras activity was increased in all four gastric cancer cell lines and, interestingly, was especially high in MKN45p cells, whereas the measured quantity was low in the control cells, as expected (Fig. 2) . Fig. 3 . The reovirus L1 gene segment region was detected in all four cancer cell lines. However, the reovirus L1 gene segment region was not detected in the control cells. 
RT-PCR in gastric cancer cell lines. RT-PCR was performed for detection of reovirus. The amplified genomic segment of reovirus in reovirus-infected gastric cancer cells is shown in
Oncolytic efficacy of reovirus treatment in vivo.
Images of representative mice on day 18 after inoculation of MKN45p cells are shown in Fig. 4A . On day 18 after inoculation, the mean volume of ascites in the reovirus treatment group (n=10) was less than that in the control group (n=10) (0.14 ml vs 3.86 ml; P<0.05) (Fig. 4B) . The mean total number of disseminated MKN45p cell tumors in the mesenterium of mice in the reovirus treatment group was also less than that in the control group (11.9 vs 65.2; P<0.05) (Fig. 4C) . The total weight of the peritoneal tumors in the mesenterium of each mouse in the reovirus treatment group was significantly less than that in the control group (113 mg vs 546 mg; P<0.05) (Fig. 4D) . Amplified reovirus genomic segments from the reovirus treatment and reovirus control groups are shown in Fig. 5 . The reovirus L1 gene segment region was detected in all metastatic nodules in the reovirus treatment group.
Post-treatment histology in the mouse model. H&E staing showed viral-induced CPEs and necrosis as indicated by neutrophil infiltration in the MKN45p cell tumors treated by reovirus (Fig. 6) . 
Discussion
To our knowledge, this is the first study to provide evidence of the efficacy of reovirus as a novel therapeutic agent against gastric cancer in the preclinical setting. Reovirus is a novel oncolytic agent against cancer cells that is based on targeting of the activated Ras signaling pathway via direct Ras mutation or the independent pathways downstream of Ras (17, 18) . Roughly 50% of all cancers have an activated Ras signaling pathway because of activating mutations in the Ras gene itself and in genes upstream or downstream of Ras (8) . Although overexpression of EGFR in gastric cancer has been well documented (19) , the status of Ras mutations in the human gastric cancer cell lines used in this study is unknown at present. The present study shows that the activity of Ras was elevated in all gastric cancer cells.
In contrast, there are studies showing no significant association between ReoT3D permissibility and the presence of Ras-activating gene mutations or activated Ras in human NSCLC cells (20) . The lack of this association has also been reported in human colon cancers (21) . It is possible that in addition to the activation status of Ras-associated pathways (8, 22) , there are other molecular determinants of ReoT3D sensitivity, such as the cell surface density of putative ReoT3D receptors/coreceptors (23) (24) (25) and intracellular virion uncoating processes (26, 27) , all of which can affect ReoT3D infection efficiency. In regard to gastric cancer cells, Cho et al recently reported a mechanism in which the reovirus acts by downregulating Akt activation and induction of apoptosis in SNU-216 gastric cancer cells (28) . Thus, the susceptibility of human gastric cancer cell lines to reovirus is attributable not only to activating mutations in Ras itself but can also be a result of activation or overexpression of regulatory elements in Ras signaling pathways or others mechanisms.
In the present study, to treat peritoneal metastasis of gastric cancer, the route of systemic delivery is important for regression of these tumors (29) (30) (31) . Intravenous injection or intraperitoneal delivery may allow reovirus to reach inaccessible tumors and treat undetectable micrometastases. However, these methods might also affect the effectiveness and toxicity of the therapy. Oncolytic viruses including genetically engineered vaccinia, herpes simplex virus, adenovirus and measles and non-engineered viruses such as Newcastle disease virus and reovirus have been studied in clinical trials (32) (33) (34) (35) (36) . Most of these trials have shown systemic efficacy via intratumoral injection or intravenous administration of viruses. A phase I intravenous dose escalation trial of reovirus was reported in 29 patients with cutaneous metastases from systemic cancers (36) . Antitumoral efficacy was suggested in 5 patients with stable disease for 4-6 months, and a >50% decrease in blood tumor marker and/or tumor necrosis was also observed. Therefore, intravenous administration of reovirus is considered to be effective in the treatment of refractory cancer patients. In the clinical setting, repeated intraperitoneal reovirus treatment may be beneficial because such administration of virus in patients with peritonitis carcinomatosa is more feasible than is intratumoral administration against visceral cancers. Because intraperitoneal reovirus therapy has not yet been clinically reported, further clinical trials are eagerly anticipated in the near future.
Recently, preliminary findings from ongoing phase I clinical trials evaluating the safety of a reovirus type 3-taxane combination in patients with chemotherapy-refractory advanced tumors have shown objective anticancer response in some patients without serious side-effects (37, 38) . Use of this reovirus in combination with anti-cancer drugs may provide hoped-for treatment of gastric cancer with peritoneal dissemination in the future.
In conclusions, peritoneal metastasis of gastric cancer is a critical problem because of the limited number of available therapeutic modalities. The present study in a mouse model indicates that intraperitoneal administration of reovirus could potentially be useful as a new treatment modality against gastric cancer with peritoneal dissemination. 
